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ABSTRACT 
 
This thesis presents experimental results on thermal conductivity measurements on both 
irradiated and unirradiated uranium oxides between 90 K and 658 K. The irradiation doses range 
from 5x1013 argon ions/cm² to 2x1016 Ar+/cm² at 2 MeV and room temperature. The main focus 
lies on 360 – 500 nm single crystal UO2 and U3O8 thin films grown on YSZ substrates. The U3O8 
samples are formed by heating the UO2 in air for 2.5 hours at 600°C and slow cooling. From a 
comparison between data measured by an optical pump-probe technique – time-domain 
thermoreflectance (TDTR) – and a heat transport model the thermal conductivity of the sample 
under study can be determined.  
 
For UO2, the thermal conductivity is found to be 10.2 W/m.K at 323 K and with increasing 
temperatures its behavior is inversely proportional to the temperature. At 648 K the thermal 
conductivity is 4.9 W/m.K. The thermal conductivity peaks between 200 and 250 K and 
decreases for decreasing temperatures. Upon irradiation the thermal conductivity at 323 K 
decreases to 8.6 W/m.K for a dose of 5x1013 Ar+/cm² and to 4 W/m.K for 7x1014 Ar+/cm² and 
1x1016 Ar+/cm². At 648 K the corresponding values are 5.2 W/m.K, 4.2 W/m.K and 2.5 W/m.K 
for the mentioned doses. A modified model by Klemens is used to predict the irradiation effect 
on the thermal conductivity for low and medium doses. For high doses non-linearities during the 
irradiation limit the further decrease in thermal conductivity and cannot be captured by the 
model. Due to self-annealing during the experiments, irradiated samples do not show a 1/T 
behavior.   
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U3O8 is studied with irradiation doses of 0 Ar
+/cm², 7x1014 Ar+/cm², 2x1015 Ar+/cm² and 
2x1016 Ar+/cm². Their thermal conductivities at 333 K are 1.67 W/m.K, 0.96 W/m.K, 1.2 W/m.K 
and 1.97 W/m.K, respectively. The self-annealing is found to be stronger than in UO2 so that the 
thermal conductivities at 658 K are 1.3 W/m.K, 1.18 W/m.K, 1.36 W/m.K and 1.86 W/m.K, 
respectively, for the above mentioned doses. For lower doses the thermal conductivity decreases 
with increasing dose but then starts increasing again for higher doses. This is probably caused by 
re-crystallization and the formation of a second phase of UO2+x in U3O8. In general, it is found 
that oxidation of UO2 has a stronger influence on the thermal conductivity than irradiation with 
argon ions. 
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1. CHAPTER 1 
I	TRODUCTIO	 
 
1.1. Motivations 
Uranium oxides – and especially uranium dioxide, UO2 – have recently received a lot of 
attention because of their unusual thermal and electrical properties. Being the fuel of most of 
today’s nuclear reactors, it is crucial to understand the mechanisms of its thermal characteristics 
and its environmental response with regard to a safe operation and storage of the spent fuel. The 
recent accident in a nuclear power plant in March 2011 after the earthquake and tsunami in Japan 
shows the necessity of a detailed knowledge of the fuel’s thermal properties. In a normal 
operation mode the thermal conductivity determines how efficiently the heat, which is produced 
while slowing down high energy heavy ions, can be transferred from the fuel rods to the 
circulating coolant [1]. During fission, the isotope U-235 captures a thermal neutron and splits 
into two lighter elements or ions (for example Sr, Cs or Xe) called fission products while 
emitting two to three fast neutrons [2].  While the neutrons are slowed down by a moderator like 
light or heavy water or graphite in order to continue the reaction process, the fission products are 
slowed down by the fuel itself via electronic and nuclear stopping (interaction between the ion 
and the electrons or the nucleus of the host-atom) [1]. This not only causes the lattice atoms to be 
displaced, and in the long term the entire lattice structure to be damaged, but also produces heat 
which has to be conducted to the exterior of the fuel rod. From there it is transferred to the 
cooling fluid which then produces steam to run a steam turbine and generate electricity.  
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Also in the case of emergencies the thermal conductivity can be an important measurement 
of the severity of the accident. Accumulated heat, produced by the above mentioned fission 
reactions, can cause the fuel rod to melt. Once the critical temperature is reached and the 
containment structure damaged, extremely dangerous radiation and reaction products can pollute 
the environment. Even for spent fuel that has been highly damaged by irradiation and fission 
products [3]-[7], the thermal conductivity has to be well known in order to guarantee safe storage 
for decades without overheating [1]. Apart from the heat generation, the highly oxidizing matter 
of UO2 even at low temperatures has to be taken into account when dealing with spent fuel [8]-
[10]. Even a small excess of oxygen in the lattice as in U4O9 reduces the thermal conductivity of 
UO2 by more than a factor of five. It is thought that the interstitially accommodated oxygen 
atoms act as scattering centers for phonons [11]. Phonons are wave-like vibrations of the lattice-
atoms or molecules. In ceramics such as uranium oxide, heat is predominantly carried by 
phonons. The larger the mean-free-path of the phonons is, e.g. the bigger the average distance a 
phonon can travel without being scattered, the higher the thermal conductivity is. Defects like 
interstitials (both oxygen interstitials and fission products) or vacancies scatter phonons and thus 
lead to lower thermal conductivities than those of a perfect UO2 single crystal [12]. 
 
Another possible application for uranium dioxides are photoelectric or thermoelectric devices 
[13]-[15]. UO2 could play a significant role in new solar cells as its electronic band gap of 1.3 eV 
at room temperature lies between that of Si and GaAs in terms of band gap. Additionally, 
uranium oxide based photovoltaic cells could be operated at much higher temperatures due to its 
very high melting point of 3140 K. Also, its Seebeck coefficient, a measure of the thermoelectric 
properties, is considerably higher than that of other promising materials [13]. Yet, the easily 
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oxidizing behavior of uranium oxides has so far capped the rise of UO2 as a thermoelectric 
material. 
 
Studying thin films is a good way of understanding how structural damage due to irradiation 
affects the material and its properties, especially with single crystals. Thin films also allow the 
application of micro-analytical techniques such as electron microscopy, TEM (transmission 
electron microscopy), SEM (secondary electron microscopy), XPS (X-ray photoelectron 
spectroscopy), XRD (X-ray diffraction) and Raman spectroscopy [16]-[19]. Thin films can be 
easily studied under various temperature and irradiation conditions. 
 
The goal of this work is to study the effect of irradiation damage on the thermal conductivity 
of thin film single crystal UO2 and U3O8 from 50 to 350°C by means of time-domain 
thermoreflectance (TDTR). One measurement of UO2 extends the temperature range to –183°C. 
To avoid oxidation, the measurements of UO2 take place in vacuum. The main focus does not lie 
on the change of chemistry in the oxide due to the fission products or heavy ions, but on the 
creation of vacancies and interstitials (e.g. Frenkel pairs) due to nuclear stopping. In this work, 
only the cross-plane thermal conductivities are being studied. 
 
The samples are grown via magnetron sputtering by the research group of Prof. Brent Heuser 
from the Department of Nuclear, Plasma, and Radiological Engineering at the University of 
Illinois at Urbana-Champaign [18]. 
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1.2. Literature Reviews on the Thermal Conductivity of Uranium Oxides 
Initial studies on the thermal conductivity of bulk, polycrystalline UO2 were performed in 
vacuum with a comparative linear method of steady-state heat flow and show a decreasing trend 
in thermal conductivities from 7.95 W/m.K at 373 K to 3.41 W/m.K at 1273 K with a theoretical 
density of 10.97 g/cm³ [20],[21]. 
 
Since that time the measurement of the thermal conductivity of uranium oxides has played an 
important scientific role. Béthoux et al. have collected lower temperature data between 3.5 and 
294 K and found two peaks in thermal conductivity at around 10 K (≈ 2.2 W/m.K) and 300 K  
(≈ 11 W/m.K) with a minimum thermal conductivity at the transition temperature of 31 K  
(≈ 0.78 W/m.K). This phenomena was explained based on the magnetic characteristics of UO2 
[22]. Around 30 K, UO2 has a magnetic phase transformation from a paramagnetic to an 
antiferromagnetic state. Also, the phonon mean free path is limited by the phonon diffusion due 
to the magnetic moment of the U4+-ions. 
 
Sievers and Pohl have reported the thermal conductivity of a single crystal measured between 
1.4 and 204 K, which confirm that the thermal conductivity of UO2 has two peaks below room 
temperature – one at 7 K ( ≈ 10.1 W/m.K) and the other indicated near room temperature [23]. 
The dip in the thermal conductivity can be found around 28 K ( ≈ 0.94 W/m.K) [24].  
 
In 1965, Godfrey et al. published data for the thermal conductivity of polycrystalline UO2 
from 216 to 1373 K measured by a radial heat flow technique. The samples were obtained by 
cold-pressing and sintering depleted UO2 powder leading to 93.4 % of the theoretical density and 
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a grain size of 10 to 20 µm. Godfrey et al. report thermal conductivities of 6.8 W/m.K at 216 K, 
approximately 7.1 W/m.K at 373 K and 2.9 W/m.K at 1273 K [25]. 
 
In the same year, the thermal conductivity of single crystal UO2 with the theoretical density 
was calculated from measurements of the thermal diffusivity, the specific heat and the density 
over a range from 373 to 1376 K by Bates. Unlike in later investigations, the heat capacity and 
the thermal diffusivity were not measured simultaneously. At 373 K, the thermal conductivity is 
reported to be 11.2 W/m.K and at 1273 K approximately 3.2 W/m.K [26].  
 
Moore and McElroy studied the thermal conductivity of single-crystal and polycrystalline 
UO2. They found no difference in the thermal conductivity between those two samples (both  
7.9 W/m.K at 333 K and theoretical density). Moore and McElroy also report a broad maximum 
of thermal conductivity in both cases around 220 K [27]. 
 
Harding and Martin derived an expression for the temperature dependence of the thermal 
conductivity of unirradiated UO2. They suggest that: 





 −⋅
⋅
+
⋅+
=Λ
− TTT
361,16
exp
10715.4
10165.20375.0
1
2
9
4
 (1-1) 
 
with the thermal conductivity Λ in W/m.K and the temperature T in K. It shows a good 
agreement with the data obtained by Bates (fig. 1.1). Thus, this equation can be used to predict 
the thermal conductivity of single crystal UO2 [28]. 
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 In 1999, Ronchi et al. measured the heat capacity and the thermal diffusivity simultaneously 
with an advanced laser-flash method and calculated the thermal conductivity up to 2900 K. On 
the basis of these data, Ronchi et al. suggested a fitting equation for temperatures between 550 
and 1100 K including a lattice component (~ (A + BT)-1) and an ambipolar contribution 
connected to the intrinsic production of small polarons (i.e. electron-phonon interaction; second 
term in (1-2)). A contribution from radiation can be easily neglected as it is small compared to 
the other two terms. In order to account also for temperatures below 550 K and to improve the 
fitting especially around 2000 K Fink recommended in his review to add another phonon lattice 
term to the equation. The thermal conductivity Λ for polycrystalline UO2 becomes: 





 −+
++
=Λ
tttt
KmW
35.16
exp
6400
6142.3692.175408.7
100
)./(
2/52
 (1-2) 
 
with t = T(K)/ 1000 [29],[30].  
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Figure 1.1: Comparison of thermal conductivities Λ for single crystal (Moore and 
McElroy, Bates) and polycrystalline (Ronchi et al. and Godfrey et al.) UO2 and 
equations (1-1) and (1-2) suggested by Harding and Martin and by Fink as a 
function of temperature T [25]-[30] 
 
Deem and Matolich determined the thermal conductivity of irradiated single crystal UO2 
from 473 to 1073°C. While the unirradiated UO2 had a thermal conductivity of 6.9 W/m.K at 
473 K and 5.4 W/m.K at 1073 K, the sample with a dose (or fluence) of 1015 n/cm² showed 
lower values from 5.8 W/m.K at 473 K to 4.0 W/m.K at 1073 K, respectively. At a dose of 
2x1015 n/cm², however, the thermal conductivity increased again to that of the unirradiated single 
crystal to 6.9 W/m.K at 473 K and 5.4 W/m.K at 1073 K [31].  
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Other studies about radiation damaged UO2, both due to heavy ion irradiation or in-pile 
fission reactions, include those of Daniel and Cohen [32], Balfour et al. [33] and Palagin [34]. 
Measurements of the thermal conductivity of irradiated samples are very complex and a 
comparison is difficult, as not only the dose, but also the temperature during irradiation, the 
annealing process and the type of irradiation play a significant role in the structural damage of 
the material [35]-[39]. 
 
Due to the above mentioned complexity and the danger in the handling and the exact 
characterization of irradiated materials, simulated high burnup nuclear fuel (SIMFUEL) has 
become an important tool to analyze thermal properties of fissioned uranium oxides without 
radioactivity. The preparation and characterization of SIMFUEL pellets has been described by 
Lucuta et al. [39]-[41]. SIMFUEL does not contain fission-gases and volatiles that have a huge, 
but fairly unpredictable influence on the thermal behavior. Instead, it only replicates the 
microstructure and composition of the fuel by adding eleven stable oxides to the fuel of which 
some are soluble in the UO2 fluorite structure lattice and others that act as second phase. In 1992, 
Lucuta et al. determined the thermal conductivity of pure UO2 as well as of 3 at%
* and 8 at% 
burnup SIMFUEL by simultaneously measuring the thermal diffusivity and the heat capacity. 
They report that every 1 at% burnup leads to a reduction in thermal conductivity of about  
6 – 9 % at low temperatures (300 K) but only 1 – 2 % at high temperatures (1770 K). At room 
temperature the thermal conductivity of pure UO2 normalized to 95% theoretical density is 7.58 
W/m.K. For 3 at% and 8 at% burnup, the thermal conductivities are 5.39 W/m.K and  
4.01 W/m.K, respectively. At 1273 K, the unirradiated sample showed a thermal conductivity of 
                                                 
*  1 at% burnup = 225 MWh/kg U 
 fissions/cm³ = burnup (MWd/MTM) x density x 2.578e16 
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3.0 W/m.K, the one with 3 at% burnup 2.73 W/m.K and the sample with 8 at% burnup  
2.39 W/m.K [42]. 
 
Two years later, the same authors published another paper where they describe a model to 
predict the thermal conductivity of (high-) burnup SIMFUEL. Measurements on SIMFUEL 
pellets helped them to determine the dependences of the deviation from stoichiometry, x, the 
burnup, β, the fractional porosity, p and the temperature, T, on the thermal conductivity, Λ [43]:  
),,,( Tpx βΛ=Λ  ( 1-3) 
 
In recent years, the study of the thermal conductivity of uranium dioxide with high burnup up 
to 100 MWd/kg has become of great interest to simulate end-of-life behavior of nuclear fuel. 
Ronchi et al. have measured the heat capacity and the thermal diffusivity over a wide 
temperature range. They report no significant change (± 10 %) in the heat capacity upon 
radiation damage and a decrease in diffusivity – and thus in thermal conductivity – by a factor of 
four compared to fresh fuel at around 600-800 K. Walker et al. reported a decrease of thermal 
conductivity up to 40 % due to alpha decays. Annealing of the sample at different temperatures 
showed a slight recovery of thermal diffusivities. They also noticed that there exists a transition 
irradiation dose after which the thermal diffusivity (i.e. the thermal conductivity) hardly change 
[44]. 
 
Palagin measured the thermal conductivity of high burnup, 1 mm thick UO2 samples 
irradiated at a research reactor under constant and controlled temperature (T > 770 K). The 
thermal conductivity was determined on the basis of independent measurements on the thermal 
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diffusivity, the heat capacity and the sample density which were taken before and after 
annealing. Especially at low irradiation temperatures, annealing lead to a strong increase or 
recovery in thermal conductivity. However, repeated annealing at the same annealing 
temperature did not influence the thermal conductivity any further [34]. 
 
The thermal conductivity of other stoichiometries of uranium oxides has hardly been examined. 
However, because of the easy oxidation of UO2 to higher oxides like UO2+x, U3O7/ U4O9 or U3O8 
it is crucial to know their thermal properties. Kaimimoto et al. studied the thermal conductivities 
of UO2 and U4O9 by a laser flash method from 100 to 300 K. U4O9 has a tetragonal structure 
with the oxygen atoms arranged in a cuboctahereal manner [46]. Due to one excess oxygen atom 
per unit cell in the U4O9 and thus an increase in phonon scattering, U4O9 has a much lower 
thermal conductivity than UO2 with a value around 1.5 W/m.K at 300 K. Unlike UO2, the 
thermal conductivity showed no peak around 220 K and varied little with temperature [11]. 
 
Noda and Naito measured the thermal conductivity of U4O9-y with 0 ≤ y ≤ 0.12 by means of a 
scanning temperature method in the temperature range of 250 to 415 K. They observed only little 
temperature dependence and an increase in thermal conductivity as the O/U ratio decreased. 
Their results all lie between 1.15 to 1.8 W/m.K at 300 K and 1.1 to 1.6 W/m.K at 400 K. The 
transition temperature is around 350 K [47].  
 
Despite its importance for spent fuel storage, the thermal conductivity of U3O8 has drawn little 
attention and only few studies exist. Pillai et al. have measured orthorhombic U3O8 in air by an 
axial heat flow comparative set-up which spans 300 to 1100 K. The thermal conductivity 
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decreased monotonically with increasing temperatures from around 2 W/m.K at 373 K to about 
1.3 W/m.K at 1073 K. Calculations and experiments for the intrinsic phonon thermal 
conductivity give much higher values around 5 W/m.K at 373 K and 1.8 W/m.K at 1073 K. The 
authors concluded that lattice defects play a more significant role in the thermal resistance of 
U3O8 than in that of UO2 [48].  
 
Even though uranium dioxide has been studied for more than 50 years and an almost 
uncountable amount of data has been published, this work is the first one to measure the thermal 
conductivities of single-crystal uranium oxide thin films. Time domain thermoreflectance 
(TDTR) is a technique that allows the direct identification of thermal conductivities by 
comparing experimental data with a model [49]. The overall accuracy of TDTR is 10-15 % and 
also allows the determination of the interface conductance between two thin film layers. This 
work investigates the thermal conductivity of irradiation damaged UO2 as well as of higher 
oxides states such as U3O8.  
 
1.3. Outline of the Thesis 
The thesis is organized as follows. 
 
The second chapter will present the experimental techniques used in this work. First, TDTR, 
which is used to measure the thermal conductivities, will be explained. Also, the basics of 
picosecond acoustics for the determination of the film thickness is mentioned. Following, the 
sample growth and preparation will be described. Finally, two techniques for sample 
characterization, XRD and Raman spectroscopy will be described briefly. 
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In the third chapter, the sample characteristics obtained by XRD and Raman are shown. 
  
The fourth chapter presents the results of the measurements of the thermal conductivity of 
UO2 and U3O8 as a function of temperature and irradiation dose. 
 
Chapter five contains a summary of the present work and an outline for future research. 
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2. CHAPTER 2 
EXPERIME	TAL METHODS 
 
2.1. Time-domain Thermoreflectance (TDTR) for Thermal Conductivity 
Measurements 
 
2.1.1. TDTR Apparatus and Setup 
TDTR is an ultra-fast technique that is based on a femtosecond mode-locked laser. The beam 
is split into a pump and a probe beam which can be delayed with respect to each other by means 
of a delay stage. While the pump beam heats the surface of the sample the probe beam is used to 
measure the resulting temperature change through the change of reflectivity with temperature, 
known as thermoreflectance dR/dT [1],[2]. The temporal evolution allows the determination of 
the thermal conductivity. Prior to the measurement the sample is coated with a thin metal layer 
(≈ 80 nm) by magnetron sputtering, which serves both as beam-absorber or transducer and as 
thermometer. In this work, aluminum is used because of its high thermoreflectance at the laser 
wavelength (786 nm). One corner of the sample stays un-coated to ease the micro analytical 
sample characterization also after the experiment.  
 
The concept of TDTR was first applied in 1986 by Paddock and Eesley and then in more 
recent years refined by Cahill et al. [3]-[6]. Figs. 2.1 a) and b) show the schematic layout and the 
setup of the TDTR system in the Frederick Seitz Materials Research Laboratory Laser Facility 
which is used in this work [2]. 
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Figure 2.1: (a) Time-domain thermoreflectance (TDTR) schematic layout (from 
[2]) as in Prof. Cahill’s lab in the Frederick Seitz Materials Research Laboratory. 
The optical filters as well as the short pass filter are optional, but are used to 
reduce the amount of scattered pump and background light reaching the 
photodiode. (b) setup as shown in (a) 
 (a)
(b)   
Delay 
stage 
Sample 
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A Ti:Sapphire laser is pumped by a solid state cw laser at a power of 8.5 mW and a 
wavelength of 532 nm. The Ti:Sapphire laser oscillator has a tunable output range from 700 to 
900 nm wavelength and a power around 1.5 W. In this work, a mode-locked laser wavelength of 
λ = 786 nm is used, where Al has a relatively high thermoreflectance dR/dT of about 2.1x10-4 K-1 
[7]. The repetition rate of the laser is ≈ 80 MHz and the initial pulse duration is approx. 0.1 ps. 
The laser power can be attenuated with two wave plates and an isolator before being spit into a 
pump and a probe beam by a polarized beam splitter (PBS). The pump and probe beams are 
cross-polarized. The second ½-plate and the PBS determine the relative amount of power 
between pump and probe beam. In this work, the total power is set between 20 and 30 mW with 
approx. 5 mW in the probe beam. The steady state heating ∆Ts of the sample can be calculated 
with 
s
probepumpTrans
s
w
PP
T
Λ
+⋅−
=∆
02
)2()1(
π
ρ
 ( 2-1) 
with ρTrans being the optical reflectivity of the transducer at the given laser wavelength, Ppump and 
Pprobe being the beam intensity of pump and probe beam, respectively, w0 being the spot size of 
the pump and probe beam (usually they are of equal size) focused on the sample and Λs being the 
thermal conductivity of the sample substrate [1]. The above mentioned beam intensities, a 
reflectivity of approx. 87 % for aluminum and a thermal conductivity of the 8 mol% yttria-
stabilized zirconia (YSZ) substrate of 2 W/m.K limit the steady state heating in this work to 
about 25 – 35 K for a 5x objective.  
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The pump beam is split by an electro-optic modulator (EOM) at a frequency f,  
0.1 < f < 10 MHz (in this work f = 9.8 MHz is used), while the probe beam is mechanically 
chopped at 200 Hz. This allows for a double modulation and thus a reduction of artificial signals 
such as scattered pump beam light from a rough sample surface. For more information on this 
issue, see Ref. [2]. For time-dependent measurements, often the probe-beam is delayed. In this 
system, however, the pump beam is advanced relative to the probe beam through a mechanical 
stage. This 600 mm long “delay” stage can achieve a delay time range of –20 ≤ t ≤ 4000 ps.  
Fig. 2.2 shows the basic concept of the delay time. For simplicity, the 9.8 MHz pump probe 
modulation is neglected in the figure. It also shows the idealistic case of the temperature 
decaying completely before the next pump pulse. In reality, the temperature adds up during the 
pump beam modulation cycle. In the sketch every pulse represents one delay time to see the 
advance of the probe-beam with respect to the pump beam. As the reflectivity of the sample is 
temperature dependent the signal will be of different intensity and phase for each delay time 
(here for every pulse).  
 
A PBS for the pump beam (vertically polarized) and a beam splitter (BS) for the probe beam 
(horizontally polarized) deflect the beams onto an objective lens approx. 3 mm vertically apart 
from each other. Both are focused onto the same spot on the sample surface and can be 
monitored with a CCD camera. The 5x objective, which is used in this work, has a 1/e2 radius  
w0 =15 µm. The reflected probe beam is then detected by a Si-photodiode. Before being picked 
up by a radio-frequency (rf) lock-in amplifier locked to the pump beam modulation frequency  
f =  9.8 MHz, the signal passes through a resonant band-pass filter (quality factor Q ≈ 10) and a 
pre-amplifier to increase the voltage and to enhance the signal-to-noise ratio. A following 
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computer-based audio-frequency (af) amplifier locks into the modulation frequency of the probe 
beam at 200 Hz. 
 
Figure 2.2: Basic concept of the delay time. Each pump pulse heats the sample 
surface at a time interval proportional to the inverse laser repetition rate. For 
simplicity, the modulation frequency is not shown in this figure. The pulses heat 
the surface and the temperature decays exponentially – the exact rate depending 
on the material’s thermal conductivity. For this sketch it is assumed that the 
temperature decays completely between the pump pulses. This is normally not 
true. The probe beam them scans the temperature at different delay times (here 
every pulse represents a different delay time). With the optical reflectivity 
depending on the surface temperature, a delay-time dependent Vin/Vout plot can be 
obtained. 
 
2.1.2. TDTR Data Analysis and Thermal Model 
The change in reflectivity from the sample surface appears at the modulation frequency f. 
The output of the lock-in amplifier is given by V(t) = Vin(t) + i Vout(t) where t is the delay time 
between pump and probe beam and Vin and Vout are the in-phase and out-of-phase components of 
the signal, respectively. In this work the ratio R = |Vin/Vout| is used for analysis, rather than only 
Vin. Even though most of the information is present in Vout, experimental artifacts such as the 
defocusing of pump and probe beam over (delay-) time and the deviation in the pump-probe 
overlap at the sample surface can be eliminated by using the ratio, as both Vin and Vout change by 
laser repetition 
rate (1/80MHz) 
time (a.u.) 
     Pump pulses 
     Surface temperature 
     Probe pulses 
delay time t 
 
20 
the same factor [8]. Also, the intensity ratio between pump and probe beam (e.g. 2:1 or 4:1) do 
not affect the -Vin/Vout ratio signal and thus do not influence the thermal conductivity model. Yet, 
the beam power has to be taken into account when determining the steady state heating of the 
sample as described in sec. 2.1.1.  
 
The analysis of the data is not straight-forward. To get the thermal conductivity the measured 
-Vin/Vout ratios are compared to a model. Cahill developed a model using cylindrical coordinates 
and the heat diffusion equation [1]. A Gaussian spatial intensity is assumed as well as heat flow 
across each interface. Samples are treated as stacked thin film layers. In the case of this work the 
YSZ-substrate is considered the lowest layer in the stacking, above that the UO2-thin film layer 
and uppermost the Al-coating, each with their respective thickness h. At 786 nm Al absorbs most 
of the beam intensity in the first 10 nm of penetration [9]. To simulate this effect, the Al-film is 
modeled as two separate layers. The lower layer exhibits the normal thermal characteristics of 
aluminum (ΛAl = 177 W/m.K, CAl = 2.41 MJ/m³.K). The upper 10 nm of Al, where the 
absorption takes place, is modeled as a 1 nm thick layer with ten times higher thermal 
characteristics (Λ’Al = 1770 W/m.K, C’Al = 24.1 MJ/m³.K). Also, each interface between two 
films (i.e. Al/ UO2) can be modeled as a thin layer with a thermal interface conductance G and a 
small, but non-zero heat capacity (e.g. hi = 1 nm, Ci = 0.1 MJ/m³.K). 
 
The thermal penetration depth d for TDTR is given by 
fCf
D
d
f
ff
ππ
Λ
==  (2-2) 
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where Df is the thermal diffusion coefficient of the film and f the modulation frequency of the 
pump beam. For UO2, at room temperature dUO2 ≈ 360 nm with ΛUO2 = 10.5 W/m.K and  
CUO2 = 2.58 MJ/m³.K. As the thermal penetration depth is much smaller than the spot-size,  
d << w0, the heat flow in TDTR measurements is predominantly one-dimensional. 
 
The parameters in the model are (1) the repetition rate of the laser oscillator, 80 MHz, (2) the 
modulation frequency of the pump beam f = 9.8 MHz, (3) the spot size on the sample surface  
w0 = 15 µm, (4) the thickness and thermal properties of the Al-coating, hAl, ΛAl and CAl, (5) the 
thermal interface conductance between the Al-coating and the film under study Gi = Λi/hi, (6) the 
thickness and thermal properties of the film under study, hf, Λf and Cf and (7) the thermal 
properties of the substrate Λs and Cs. It is assumed that the substrate is semi-infinitely thick with 
respect to the heat penetration depth. Most of the parameters are known or can be obtained from 
other measurements or from literature data. There are only two free parameters in the model: the 
thermal conductivity of the film Λf and the interface conductance Gi between the transducer and 
the film. For detailed information, the interested reader is referred to ref. [12]. When comparing 
the experimental data with the model these two parameters can usually be fitted relatively 
independent from each other. The -Vin/Vout ratio at shorter delay times (100 ≤ t ≤ 600 ps) is 
mostly influenced by the thermal conductivity Λf of the film. Longer delay times  
(1000 ≤ t ≤ 4000 ps) exhibit a greater dependence on the interface conductance Gi (see also the 
sensitivity plot in fig. 2.4, sec. 2.1.4). Fig. 2.3 shows three example fits for 360 nm single crystal 
UO2 on YSZ, YSZ and 500 nm amorphous SiO2 on Si at room temperature. All samples are 
coated with an approx. 80 nm thick Al-layer. For the model it is crucial to determine the exact 
Al-thickness of each sample. This is done by picosecond acoustics as described in sec. 2.1.3. 
 
22 
 
Figure 2.3: Ratios of the in-phase (Vin) and out-of-phase (- Vout) signal from the 
lock-in amplifier for 360 nm single crystal UO2 on YSZ (   ), YSZ (   ) and 500 nm 
amorphous SiO2 on Si (   ) as a function of the delay time t. All samples are coated 
with ≈ 80 nm Al. The solid lines show the best model fits. The laser spot size is 
always 15 µm. For Al, the volumetric heat capacity is assumed to be CAl = 2.41 
MJ/m³.K and the thermal conductivity is ΛAl = 177 W/m.K. The heat capacities of 
YSZ, SiO2 and Si are CYSZ = 2.73 MJ/m³.K, CSiO2 = 1.73 MJ/m³.K and CSi = 1.64 
MJ/m³.K, respectively. The thermal conductivity of Si is assumed to be ΛSi = 142 
W/m.K. The determined thermal conductivities are ΛUO2 = 10.5 W/m.K, ΛYSZ = 
1.9 W/m.K and ΛSiO2 = 1.3 W/m.K. The obtained results stand in good agreement 
(± 10 %) with accepted values. The interface conductance between the Al-layer 
and the samples are GUO2 = 100 MW/m².K, GYSZ = 310 MW/m².K and GSiO2 = 300 
MW/m².K.  
 
For delay times shorter than about 100 ps heat hasn’t traveled trough the Al-layer to reach the 
film yet. Similar to (2-2) it can be calculated that for a 80 nm thick Al-layer the heat takes  
87 ps to reach the Al/ sample interface. Once these delay times are reached the Al can be 
considered to be isothermal and the experimental signal does not significantly depend on the 
transport properties of the aluminum beyond this point. 
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The parameters for modeling are taken from the following references. The heat capacity of 
aluminum as a function of temperature comes from Ref. [10]. The temperature dependent heat 
capacity, given in J/mol.K is transformed to MJ/m³.K taking into account the thermal expansion 
and thus density reduction of Al upon heating. The thermal conductivity is assumed to be  
177 W/m.K, based on a 4-point probe measurement of the electrical conductivity of a sputtered 
film and using the Weidemann-Franz law; measurements reported here are insensitive to the 
exact value used. The heat capacity of UO2 is taken from a report from the Oak Ridge National 
Lab by Popov et al. [11]. Again, the data is transformed to MJ/m³.K using the temperature 
dependency of the density of UO2. At room temperature an ideal density of 10.97 g/cm³ is 
assumed. It reduces to 10.87 g/cm³ at 400°C. It is assumed that the heat capacity doesn’t change 
with an increase in stoichiometry. It has previously been shown that irradiation doesn’t affect the 
heat capacity of uranium oxides [12],[13]. For U3O8 = UO2.667, the molar heat capacity can be 
estimated by the Kopp-Neumann law [14]: 
)(
3
3
)( 22 UOC
x
UOC x
+
=+  ( 2-3) 
Fig. 2.4 shows the resulting volumetric heat capacity curve together with the values for UO2 and 
Al. It also includes the data measured by Inaba et al. for U3O8 which lie between the values for 
UO2 and the model data [15]. For lower temperatures around room temperature U3O8 heat 
capacities approach the values for UO2, while at higher temperatures they can be better described 
with (2-3) by the theoretical curve for U3O8. However, U3O8 has two λ-type transition zones 
indicating second order phase transitions in the temperature range of interest which cannot be 
represented neither by the UO2 nor by the law by Kopp-Neumann. They are at 165 and 295°C 
and are critical for the modeling of the thermal conductivity. The thermal conductivity and the 
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heat capacity of the YSZ substrate are 2 W/m.K and 2.73 MJ/m³.K, respectively. These values 
are treated as constant for temperatures higher than room temperature as for the present samples 
the heat never reaches the substrate. 
 
Figure 2.4: Volumetric heat capacities C for UO2 (   ), U3O8 (   ) and Al (   ) as a 
function of temperature T. For U3O8 the solid line represent values calculated 
with the Kopp-	eumann law. The filled circles are real data measured by Inaba et 
al. and show two λ-type transition zones in the temperature range of interest. The 
data for UO2 is taken from [11], for U3O8 from [15] and for Al from [10]. 
 
2.1.3. Picosecond Acoustics in TDTR 
For the previously described model it is important to know the thickness of the metal 
transducer as exactly as possible. For transducers with a high change in optical reflectivity with 
strain, such as Al, the thickness can be determined using picosecond acoustics during the TDTR 
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measurement [16]. When a laser pulse hits the Al-surface it generates a stress at the surface. The 
thermal expansion then launches a longitudinal strain pulse that travels through the material at 
the speed of sound. Upon hitting an interface (e.g. Al/ sample or Al/ air interfaces) the strain 
pulse gets partially reflected. When it arrives back at the surface the strain changes the optical 
reflectivity of the aluminum and changes the in-phase-signal of the probe beam. The thickness h 
of the Al-transducer can then be determined by multiplying half the time the pulse needs to reach 
the surface, t/2, by the speed of sound. For aluminum, where vL,Al = 6.42 nm/ps, a delay time of   
t = 25 ps corresponds to a thickness of about h ≈ 80 nm. Fig. 2.5a) shows the in-phase-signals for 
short delay times for Al on UO2. The marked local maximum in the curve shows the picosecond 
acoustics peak. Here, also the second picosecond acoustics peak (local minimum) can be seen, 
although it is smaller. Seeing higher-order peaks, however, depends strongly on the Al/ sample 
interface. 
 
Similarly, for certain thin films the thickness of the sample can be determined. Yet the signal 
will be much smaller than for the Al-peaks as dissipation occurs along its path through the 
material. Fig. 2.5b) shows the picosecond acoustics peaks for UO2 on an YSZ substrate. Here, 
the first peak (down) corresponds to the initial strain pulse that is launched by the laser beam and 
split at the Al/ UO2 interface. The second peak (up) comes from the pulse that is reflected at the 
UO2/ YSZ interface and the Al/ air surface. 
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Figure 2.5: (a) Primary and secondary picosecond acoustic peaks for Al on UO2+x. 
The Al thickness hAl = t vL, where t is the delay time and vL is the longitudinal 
speed of sound in Al (vL,Al = 6.42 ps/nm). (b) Picosecond peaks for UO2 on YSZ. 
The first peak origins from the primary strain pulse due to the thermal expansion 
and the second peak from the pulse reflected from the UO2+x/ YSZ interface and 
the Al/ air surface. The speed of sound is calculated from the elastic constants 
(vL,UO2 = 6 ps/nm). 
 
(a) 
(b) 
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From the direction of the picosecond acoustics peak (up or down) the type of interface can be 
verified. The reflection coefficient Rc on an interface is defined as 
12
12
ZZ
ZZ
Rc
+
−
=  ( 2-4) 
where Z1,2 are the acoustic impedances of the material before and after the interface, respectively 
and Z = ρ · vL with the density ρ and the longitudinal speed of sound vL. For an interface where 
the materials’ acoustic impedances increase along the strain pulse’s path, the pulse doesn’t 
change its sign on the interface. The in-phase-signal thus peaks upward. This can be seen, for 
example, at the primary peak in fig. 2.5a). The only interface the strain pulse has encountered so 
far is the Al/ UO2 interface. As the acoustic impedance of UO2 (ZUO2 = 65.8x10
6 N.s/m³) is much 
higher than the one of Al (ZAl = 17.3x10
6 N.s/m³), the reflection coefficient Rc > 0 and the curve 
peaks upwards for Al. Similarly, for an interface where the materials’ acoustic impedances 
decreases, the sign of Rc changes and the peak points down as can be seen at the secondary peak 
in fig. 2.5a). Here, the strain pulse is also reflected from the Al/ Air interface once, where  
ZAir << ZAl and Rc < 0. It thus peaks downwards. 
 
2.1.4. TDTR Uncertainty Estimations 
The accuracy of the TDTR thermal conductivity results can be estimated by calculating the 
sensitivities Sα of various model parameters. The sensitivity is defined by 
αα ln
ln
∂
∂
=
R
S  ( 2-5) 
where R is the absolute ratio of |-Vin/Vout| and α represents one of the above mentioned model 
parameters like the thickness of the Al-layer hAl, the volumetric heat capacities of Al and the 
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sample CAl and Cf or the interface conductance Gi
 [17]. Fig. 2.6 shows a sensitivity plot for Al-
coated UO2 with five parameters: hAl, CAl, CUO2, ΛUO2 and GUO2. Uncertainties from literature 
data, e.g., heat capacities of Al and UO2 thus propagate through the analysis. As mentioned 
earlier this plot illustrates why the thermal conductivity of the film can be obtained by fitting the 
experimental data and the model at short delay times 100 ≤ t ≤ 600 ps and the interface 
conductance at larger delay times. The sensitivity with respect to the thermal conductivity of Al, 
ΛAl, is close to zero for all times (not shown in this plot).  
 
Apart from the sensitivities from the model-parameters a big uncertainty lies within the 
correct setting of the phase. Usually the phase can be determined by looking at the transition 
from negative to positive delay times where the out-of-phase signal must be continuous. Yet, 
noise (standard deviation in the out-of-phase signal ∆Vout) limits the accuracy of the phase 
setting and leads to a phase uncertainty ∆Φ ~ ∆Vout/Vin. A typical value for f = 9.8 MHz and 
room temperature is ∆Φ ≈ 3.5x10-3 rad. With rising temperature of the sample, the noise and thus 
the phase uncertainty increase. 
 
The uncertainty in the thermal conductivity, ΛΛ∂ / , can then be estimated with 
∑ 




 ∂
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S
  ( 2-6) 
where αα /∂ is the uncertainty in the measurement or determination of the parameterα .  
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Figure 2.6: Sensitivity S as a function of delay time t for an Al-UO2 sample with 
the parameters: hAl, CAl, CUO2, ΛUO2 and GUO2. It shows the importance of knowing 
the exact thickness of the Al-coating. Also, it is clear that at delay times 100 ≤ t ≤ 
600 ps the thermal conductivity of the film plays a more important role in the  
–Vin/Vout ratio than the interface conductance. At long delay times, the interface 
conductance becomes more predominant. 
 
The overall accuracy in the thermal conductivity measurement of the films under study can 
be then be estimated to ± 11 % uncertainty for unirradiated samples and ± 15 % uncertainty for 
irradiated samples including the sensitivities of the above mentioned parameters and the 
uncertainty in the setting of the phase.  
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2.2. Sample Growth and Preparation 
All the uranium oxide samples studied in this work are grown by the research group of 
Professor Brent Heuser from the Department of Nuclear, Plasma, and Radiological Engineering 
at the University of Illinois at Urbana-Champaign.  
 
The thin films are grown using reactive gas magnetron sputtering. Argon plasma is used to 
sputter a depleted uranium target in the presence of oxygen as reactive gas. To obtain single 
crystals the deposition takes place at elevated temperatures (650 – 800 °C). Here, as well as in 
the TDTR experiments, the substrates are attached to the heater with Silver paste to have good 
heat transfer between the heater stage and the substrate. During growth, the oxygen partial 
pressure is held at approximately 10-7 torr. The exact growth process can be reviewed in ref. 
[18]. The sample thickness ranges between 360 and 500 nm. All samples are grown on a cubic 
YSZ-substrate with 8 mol% Y2O3 in ZrO2 obtained from MTI Corporation. The substrates come 
in a size of 10 x 10 x 0.5 mm and have a lattice parameter aYSZ = 5.125 Å. They are in the (100) 
orientation. The uranium dioxide is grown epitaxially onto the YSZ. XRD measurements show 
an orientation of the uranium oxide of (002). Due to a lattice mismatch between YSZ and UO2 
(aUO2 = 5.47 Å) the uranium oxide films are expected to have some strain in the in-plane 
direction.  
 
For this work three sets of samples are grown: 41 A-D, 42 A-E and 47 A-D. Each set is 
assumed to have the same characteristics between its four or five individual samples. The 
following paragraphs describe how each set is treated after growth. Before the TDTR 
measurements all samples are coated with Al by magnetron sputtering deposition in Ar plasma at 
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room temperature. While there is an unsputtered corner left on the sample sets 41 and 42, the 
samples of set 47 are entirely covered with Al.  Samples are stored in low vacuum to slow down 
oxidation.  
 
41 A-D: After the thin film deposition (h ≈ 500 nm) the sample is of a brownish, semi-
transparent color. It is cut into four pieces (5 x 5 mm each). For the cutting process the 
samples are attached to a glass plate with crystal bond, then cut and finally rinsed with 
methanol and acetone. The samples are heated in air to 600 °C for 2.5 hours and slowly 
cooled down to room temperature. The color does not change. Yet, XRD measurements 
show that the uranium oxide is present in form of the orthorhombic U3O8, as it had been 
suggested by various researchers (see also Sec. 3.1) [19]-[22]. After that, the samples 
B, C and D are irradiated with argon-ions at the doses 7x1014 Ar+/cm², 2x1015 Ar+/cm² 
and 2x1016 Ar+/cm², respectively, and a current of 100 nA. After the irradiation, the 
samples remain brownish but with a gray touch and they loose their transparency. Also, 
ions paths get visible (see fig. 2.7).  
 
42 A-E: While the samples A-D are cut after the sputtering into four pieces (5 x 5 mm each), 
sample E is left at its original size (10 x 10 mm) and is Al sputtered as-grown. All 
samples show the same brown color as the previous sample set. The samples B, C and 
D are irradiated with 2x1014 Ar+/cm², 1x1015 Ar+/cm² and 5x1015 Ar+/cm², respectively, 
at a current of 60 nA. Because the aluminum wouldn’t adhere well to the uranium 
dioxide after the cutting and the methanol and acetone treatment, the samples A-D are 
polished with a 0.25 µm cloth and a water based solution with 0.05 µm Al2O3 particles 
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to remove any residues from the methanol and acetone. After polishing the samples are 
rinsed under purified water to clean the samples from any polishing-particles. Sample E 
has a film thickness of h ≈ 500 nm while the polished samples show a thickness around 
360 nm. The TDTR measurements for these samples are conducted in air. The film 
color in an un-coated corner of the sample turns dark blue or black during the TDTR 
measurements. 
 
47 A-D: Due to the difficulties in Al adhesion that appear after cutting the samples after the thin 
film deposition (due to the crystal bond and/ or the methanol and acetone treatment) the 
substrates of the samples 47 A-D are cut before the thin film growth. This sample set is 
of a shiny black color (see fig. 2.7). Sample A is Al-sputtered as-grown. Samples B, C 
and D are irradiated with argon ions with the doses 5x1013 Ar+/cm², 7x1014 Ar+/cm² and 
1x1016 Ar+/cm², respectively and a current of 90 nA and then coated. To avoid high 
temperature oxidation of the uranium dioxide the TDTR measurements are conducted 
in vacuum (~ 10-6 – 10-5 torr). The sample thickness is determined by picosecond 
acoustics and lies around h ≈ 360 nm.  
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Figure 2.7: Left: Sample 41D after heating to 600°C for 2.5 h, slow cooling and Ar-
ion irradiation with 2x10
16
 Ar/cm². The left and lower flank are not directly hit by 
the ions and remain in their original brownish color. Right: Sample 47B after 
growth, before the ion irradiation. The appearance doesn’t change upon 
irradiation. 
 
Strehle reported that uranium oxide samples grown on a sapphire substrate (Al2O3) showed some 
aluminum diffusion 100 – 170 Å into the uranium oxide film [18]. Coating the samples with an 
Al layer for the TDTR measurements could also cause Al diffusion into the film. Yet, it has to be 
noticed that the TDTR measurements are conducted at lower temperatures than the film growth 
and Al diffusion is not very likely to occur. Also, a layer of only ~ 10 nm of diffused Al would 
not affect the thermal conductivity measurements very strongly as it is small compared to the 
thermal penetration depth. 
 
2.3. Ion Irradiation 
The irradiation of the samples is conducted at the Frederick Seitz Materials Research 
Laboratory at the University of Illinois at Urbana-Champaign. A Van de Graaff accelerator is 
used to accelerate the argon-ions to an energy of 2 MeV. The ion implantation takes place in 
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vacuum at room temperature and with currents between 60 and 100 nA. The aperture size of  
4.5 x 4.5 mm is used to best fit with the sample dimensions. 
 
The goal in this work is to study the thermal conductivity of uranium oxides due to defect 
generation (vacancies and U/ O interstitials).  The implantation depth and the defect generation 
by the ions are identified with the Monte Carlo based simulation software of “Stopping and 
Range of Ions in Matter” (SRIM). For argon the implantation of the ions occurs mainly in the 
YSZ-substrate and thus leaves end of range damage there rather than in the thin film. Only about 
2 % of the argon ions get deposited in the UO2. This corresponds to an Ar-ion concentration in 
UO2 of approx. 500 ions.cm
-3/ ions.cm-2. As a comparison, the amount of displaced oxygen or 
uranium lattice atoms is ~ 107 atoms.cm-3/ ions.cm-2. 
 
Defect generation is relatively uniform throughout the thickness of the uranium oxide film. 
For the calculation the binding energies are taken to be 50 eV for the uranium and 20 eV for the 
oxygen [23]. From fig. 2.8, the vacancy concentration can be estimated. Assuming that only 
Frenkel pairs are formed (no lattice atoms leave the material) the number of interstitials (U and 
O) is equivalent to the number of vacancies produced. For 2 MeV argon ions the uranium defect 
concentration calculated with SRIM cU ≈ 9x10
6 vac.cm-3/ ions.cm-2 and the oxygen defect 
concentration cO ≈ 30x10
6 vac.cm-3/ ions.cm-2.  To obtain the defect concentration in the sample, 
these values have to be multiplied with the irradiation dose in [ions/cm²].  
 
For real materials, however, the recombination of vacancies and interstitials has to be taken 
into account when estimating the total number of defects. A fitting parameter b correlates the by 
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SRIM suggested defect concentration cSRIM with the defect concentration cdef in the uranium 
oxide by cdef = b · cSRIM. Matzke reported that only about 20 % of the created defects survive the 
thermal spikes during fission. For α-decay or ion irradiation normally less than 10 % of the 
created defects continue to exist after the collision cascade. It also has been observed that the 
higher the temperature and the dose are, the more defects recombine during irradiation. This is 
probably due to high local temperatures at high doses and thus an increased ion mobility and 
easy self-diffusion in the crystal lattice [24],[25]. 
 
Figure 2.8: Uranium (       ) and Oxygen (       ) vacancies as a function of depth 
upon Ar-ion bombardment of UO2 calculated with SRIM for 2000 ions. The 
effective vacancy and interstitial concentrations can be estimated from these 
values multiplied by the dose [ions/cm²] and a fitting parameter b that accounts 
for recombination of interstitials and vacancies during the irradiation. 
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2.4. X-Ray Diffraction (XRD) for Sample Characterization 
In this work XRD is used to determine the oxidation states of the uranium oxide samples. A 
Philips X’Pert in a high resolution configuration with hybrid mirror and line detector (PIXcel) is 
used. All measurements are conducted at room temperature. The Cu K-α1 emitter has a 
wavelength of λ = 0.154 nm. The X-Rays are generated with 45 kV voltage and a current of  
40 mA. As the samples under study are not present in powder form, but as single crystal thin 
films, the XRD is calibrated with the (004) peak of the YSZ-substrate. Bragg’s law 
)sin(2 θλ dn =  ( 2-7) 
where n is an integer representing the crystal plane of interest, λ is the wavelength, d is the 
spacing between the planes and θ is the angle between the incident beam and the scattering 
planes, can be used to predict the peak locations. At room temperature the value used for 
calibration is 2θ(004) = 73.465°.  
 
For the sample characterization a 2θ-ω scan with the range 2θ = 10 ... 120° is taken. In this 
work XRD is mainly used to determine the general oxidation tendency (UO2, U3O7, U3O8, etc.) 
of the thin film. The exact composition of the uranium oxide is very difficult if not impossible to 
identify. This is due to two reasons. First, the material is strained due to the lattice mismatch 
between the film and the substrate which influences the angle 2θ. Second, by adding some 
oxygen to the UO2 crystal the uranium sub-lattice remains almost constant until U3O7 = UO2.33 is 
reached and only the oxygen sub-lattice gets distorted. Before reaching this point, the crystal 
stays in the cubic fluorite structure with only a slight decrease in the lattice parameter [22]. It is 
difficult to predict whether the shift in the diffraction peaks originates from the change in the 
lattice parameter due to additional oxygen atoms or the strain from the lattice mismatch. When 
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the oxidation level reaches U3O7, a tetragonal fluorite structure with cuboctahedral clusters forms 
[26]. During this process the (002) peak from UO2 splits into the tetragonal parts (200) and 
(002). In XRD data this can be monitored as a doublet peak [27]. Only when reaching U3O8, the 
2θ peak positions shift completely due to its orthorhombic structure. Stoichiometric and 
unstrained UO2 with a lattice parameter of a = 5.47 Å has its diffractions peaks at  
2θ(002) = 32.704° and 2θ(004) = 68.537°.  
 
2.5. Raman Spectroscopy for Sample Characterization 
In addition to XRD, Raman spectroscopy is used to characterize the samples. The 
measurements are conducted at room temperature with a 488 nm Ar-like semiconductor laser. 
The laser beam is focused onto the sample with a beam radius of w0 = 5 µm. A CCD camera 
supports the focusing of the beam. Usually, the power is set to ~ 1.5 mW so that the steady state 
heating after (2-1) is limited to ~ 35  K, assuming a reflectivity of UO2 of 17 % [28]. The signals 
are collected with a PIXIS400/ Spec-10:400 detector and an InSight spectrograph from Princeton 
Instruments cooled to – 60°C (5 cm-1 resolution) and calibrated using Si and HOPG or SiC 
samples. The measurements are conducted at room temperature. Most scans are taken with 4 
frames and 30 seconds each. The intensities are normalized with respect to the laser power and 
the exposure time. For analysis, the background radiation signal is always subtracted from the 
measured values. 
 
Similarly to XRD, the Raman signals are sensitive to both strain and oxidation of the sample. 
While the present strain causes the Raman peaks to shift to lower values oxidation shifts the 
peaks to higher values [29],[30]. Again it is difficult to determine the exact stoichiometry of the 
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uranium oxides. However, the different crystal structures of UO2, U3O7, U3O8 and UO3 show 
different Raman shifts. In this work Raman spectroscopy is not used to identify the exact 
stoichiometry, but to determine the approximate crystal structure of the samples. 
 
2.6. References 
[1] D. G. Cahill; Rev. Sci. Instrum., 75 [12] (2004) 5119-5122 
 
[2] K. Kang, Y. K. Koh, C. Chiritescu, X. Zheng, and D. G. Cahill; Rev. Sci. Instrum. 79 
(2008) 114901 
 
[3] C. A. Paddock, G. L. Eesley; J. Appl. Phys. 60 [1] (1986) 285-290 
 
[4] D. A. Young, C. Thomsen, H. T. Grahn, H. J. Maris, and J. Tauc; in Phonon Scattering in 
Condensed Matter, edited by A. C. Anderson and J. P. Wolfe (Springer, Berlin, 1986) 
 
[5] D. G. Cahill, K. E. Goodson, and A. Majumdar; J. Heat Transfer 124 (2002) 223-241 
 
[6] D. G. Cahill, W. K. Ford, K. E. Goodson, G. D. Mahan, A. Majumdar, H. J. Maris,  
R. Merlin, and S. R. Phillpot; J. Appl. Phys. 93 (2003) 793-818 
 
[7] Y. Wang, J. Y. Park, Y. K. Koh, D.G. Cahill; J. Appl. Phys. 108 (2010) 043507 
 
[8] R. M. Costescu, M. A. Wall, and D. G. Cahill; Phys. Rev. B 67 (2003) 054302 
 
[9] D. Fisher, M. Fraenkel, Z. Henis, E. Moshe, S. Eliezer; Phys. Rev. E 65 (2001) 016409 
 
[10] Y. Takahashi, T. Azumi, Y. Sekine; Thermochimica Acta 139 (1989) 133-137 
 
[11]  S. G. Popov, J. J. Carbajo, V. K. Ivanov, G. L. Yoder; ORNL/TM-2000/351 
 
[12] Y. Arita, S. Hamada, T. Matsui; Thermochimica Acta 247 (1994) 225-236 
 
[13] C. Ronchi, M. Sheidlin, D. Staicu, M. Kinoshita; J. Nucl. Mater. 327 (2004) 58-76 
 
[14] T. Tsuji; 5 Heat Capacity of Solids, from Thermodynamic Properties of Solids: Experiment 
and Modeling, Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim, 2010 
 
[15] H. Inaba, H. Shimizu, K. Naito; J. Nucl. Mater. 64 (1977) 66-70 
 
[16] C. Thomsen, H. T. Grahn, H. J. Maris, and J. Tauc; Phys. Rev. B 34 (1986) 4129-4138 
 
 
39 
[17] Y. K. Koh, S. L. Singer, W. Kim, J. M. O. Zide, H. Lu, D. G. Cahill, A. Majumdar and  
A. C. Gossard; J. Appl. Phys. 105 (2009) 054303 
 
[18] M. Strehle, „X-Ray Photoelectron Spectroscopy (XPS) Study of Single Crystal UO2 and 
U3O8 on R-Plane Sapphire and Yttrium Stabilized Zirconium (YSZ) Substrates“, Master 
Thesis, UIUC 2011 
 
[19] J. Belle, „Uranium Dioxide: Properties and Nuclear Applications“, United States Atomic 
Energy Comission, 1961 
 
[20] R. J. McEachern, P. Taylor; J. Nucl. Mater 254 (1998) 87-121 
 
[21] P. Taylor; J. Nucl. Mater 344 (2005) 206-212 
 
[22]  G. C. Allen, N. R. Holmes; J. Nucl. Mater 223 (1995) 231-237 
 
[23] C. Meis, A. Chartier; J. Nucl. Mater. 341 (2005) 25-30 
 
[24] Hj. Matzke; Rad. Effects 64 (1982) 3-33 
 
[25] Hj. Matzke; Nucl. Instr. and Meth. Phys. Res. B32 (1988) 455-470 
 
[26] L. Nowicki, F. Garrido, A. Turos, L. Thomé; J. Phys. Chem. Sol. 61 (2000) 1789-1804 
 
[27] G. Rousseau, L. Desgranges, F. Charlot, N. Millot, J. C. Niepce, M. Pijolat, F. Valdivieso, 
G. Baldinozzi, J. F. Berar; J. Nucl. Mater 355 (2006) 10-20 
 
[28] J. Schoenes; J. Appl. Phys. 49 [3] (1978) 1463-1463 
 
[29] J. G. Grasselli, B. J. Bulkin; „Analytical Raman Spectroscopy“, John Wiley & Sons, Inc. 
1991 
 
[30] H. He, D. Shoesmith; Phys. Chem. Chem. Phys, 12 (2010) 8108-8117 
 
40 
3. CHAPTER 3 
SAMPLE CHARACTERIZATIO	   
 
3.1. XRD Results 
3.1.1. Characterization of Sample Set 47 
For the sample characterization a 2θ-ω scan is taken. The experimental setup is described in 
sec. 2.4. Due to the high penetration depth of X-Rays the YSZ substrate peaks can be seen 
clearly at 2θ(002) = 34.83° and 2θ(004) = 73.46°. As described earlier the second peak is used for 
calibration. Fig. 3.1 shows the diffraction peaks for the samples 47A-D from bottom to top. The 
bottom-most curve illustrates the sample as-grown, i.e before coating it with Al and before 
TDTR measurements. The other curves are taken after the TDTR experiments to check for any 
irreversible oxidation during the measurements. In addition to the YSZ substrate peaks all 
samples have diffraction peaks at 32.73°, 68.55° and 115.37°. These can be assigned to the 
(002), (004) and (006) peaks, respectively, of UO2+x – in the following simply called UO2. From 
the peak locations the lattice constant can be determined to 5.465 Å. This value is very close to 
the lattice constant of stoichiometric and unstrained bulk UO2 (5.47 Å) [1]. But it is not possible 
to determine the exact stoichiometry as for thin films the substrate-film lattice constant mismatch 
induces an additional strain. Usually, for increasing stoichiometry with 0 ≤ x ≤ 0.25, the lattice 
constant decreases to 5.44 Å for U4O9. It thus can be concluded that the samples are close to 
stoichiometry. A good guess for the upper limit on x is 0.15. As the peaks don’t shift to higher 
angles after TDTR it can be concluded that there is no irreversible oxidation occurring during the 
experiments. 
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Figure 3.1: XRD diffraction peaks for samples 47A (before and after TDTR) and 
47B, 47C, 47D all after TDTR, listed from bottom to top. The peaks at 2θ = 34.8° 
and 2θ = 73.4° are YSZ substrate peaks. 2θ = 32.73°, 2θ = 68.55° and 2θ = 115.37° 
can be assigned to the (002), (004) and (006) peaks, respectively, of UO2. There is 
no indication of irreversible oxidation during the TDTR experiments. 
 
It also can be noticed that there are no peaks visible that correspond to the Al-coating. With a 
lattice constant of 4.05 Å, the (111) and (200) peaks for the fcc crystal structure of aluminum 
should be at 2θ(111) = 38.46° and 2θ(200) = 44.70°, respectively. The possible explanation for this 
lies in the layer thickness and the crystallite size of the Al-coating. XRD peak intensities are 
inversely proportional to the grain size of the material. The Al-coating is most probably 
polycrystalline with a total thickness of h = 80 nm while UO2 and YSZ are both single crystals of 
more than 360 nm thickness, i.e. grain size. For polycrystalline Al the crystallite sizes can be 
much smaller. The peak intensities of the UO2 and YSZ are more than two orders of magnitude 
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higher than that of the Al-layer which most probably lie within the noise signal of the thin film 
and the substrate. 
 
Fig. 3.2 allows for a detailed look of the above mentioned samples. Displayed are the (004) 
peaks of the UO2 and the YSZ substrate. It can be noticed that the diffraction peaks broaden with 
increasing irradiation. While the sample 47A is unirradiated, samples 47B, 47C and 47D have an 
initial irradiation dose of 5x1013 Ar+/cm², 7x1014 Ar+/cm² and 1x1016 Ar+/cm², respectively. Both 
the YSZ and the UO2 lattice expand slightly upon irradiation. The argon ions get implanted into 
the substrate and cause the lattice to locally swell in order to accommodate the ions. This 
broadens the peaks towards smaller angles. However, very few argon ions get implanted into the 
UO2. Here, the production of Frenkel pairs and thus the accommodation of uranium and oxygen 
interstitials causes the lattice to stretch locally. Yet the effect of peak broadening seem to be 
stronger and more dose dependent for the YSZ which is self-consistent considering the vacancy-
interstitial recombination in the UO2. Matzke found out that the rate of recombination is 
proportional to the defect concentration [2],[3]. Thus a higher dose causes a higher defect 
concentration which on the other hand increases the rate of recombination until an increase in 
dose doesn’t affect the total defect concentration any more. The UO2 becomes defect-saturated. 
The YSZ, however, has to accommodate more and more argon ions with increasing doses and 
thus keeps expanding. 
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Figure 3.2: Detailed XRD peaks for the samples 47A-D, as seen in fig. 3.1. Both 
the YSZ and UO2 peaks show a broadening behavior upon irradiation. 
 
3.1.2. Characterization of Sample Set 42 
In Fig. 3.3 the diffraction peaks of the samples 42A (before and after TDTR, before 
polishing), 42B (after polishing and TDTR) and 42E (after TDTR) can be seen. Again, the YSZ 
substrate has two peaks at 34.83° and 73.46°. As seen before, UO2 has its peaks around 32.73°, 
68.55° and 115.37°. Only the as-grown 42A sample and the 42B sample show single peaks at 
these angles. After TDTR, however, sample 42A as well al 42E show signs of split peaks. This 
indicates the (partial) formation of U3O7. Due to the tetragonal lattice structure of U3O7 and its 
loss of a threefold symmetry axis, the diffraction peaks split from the n·(002) into the n·(200)/ 
n·(002) peaks. For α-U3O7 the lattice constants have a ratio of c/a ≈ 1.01...1.03, depending on the 
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overall stoichiometry [4]-[6]. During the oxidation process, cubic UO2 and the tetragonal U3O7 
coexist. In this work, c/a = 1.01. A possible reason for the oxidation of the two unirradiated 
samples is a weaker bonding of the Al to the UO2 before polishing so that oxygen can diffuse 
along the interface and cause the UO2 to partially oxidize at the surface. However, at this point it 
is not entirely clear where the oxygen comes from that is needed for the oxidation as over ¾ of 
the sample are coated with aluminum. The most probable method is an oxygen diffusion along 
the Al/ UO2 interface. An alternative is an oxygen diffusion through the Al-layer or along Al 
grain boundaries. Electron spectroscopy on one of the Al-coated samples shows micron-size 
holes in the aluminum coating. It is possible that the oxygen diffuses trough these holes and 
micro-pores and upon reaching the UO2 causes it to oxidize. A third possibility is that the UO2 
reduces the YSZ substrate when heated up. This, however, is not very likely as no oxidation is 
observed when heated in vacuum. 
 
Not shown are XRD measurements for sample 42A after polishing where the peaks are 
located at the same position as for the 42A, TDTR curve shown in fig. 3.3. It can thus be 
concluded that polishing doesn’t affect the crystal structure of the uranium oxide thin film. 
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Figure 3.3: XRD diffraction peaks for samples 42A (before and after TDTR) and 
42B and 42E after TDTR, listed from bottom to top. The peaks at 2θ = 34.83° and 
2θ = 73.46° are YSZ substrate peaks. While the as-grown sample 42A is UO2, 
samples 42A and 42E (partially) oxidized during TDTR measurements to U3O7. 
 
 
3.1.3. Characterization of Sample Set 41 
For set 41, samples 41A (bottom) and 41D (top) are analyzed after heating them to 600°C in 
air and after the TDTR measurements. Both are coated with Al and sample 41D is additionally 
irradiated with argon at a dose of 2x1016 Ar
+/cm² while sample 41A serves as unirradiated 
reference sample. Fig. 3.4 shows the diffraction pattern of these two samples. As seen earlier the 
(002) and (004) YSZ substrate peaks are at  2θ(002) = 34.83° and 2θ(004) = 73.46°, respectively. 
The remaining peaks can result from two different crystal structures: U3O8 or UO3. For U3O8 the 
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peaks would correspond to the n·(001) and n·(130) planes and for UO3 to n·(001) and n·(100). 
However, taking into account the oxidation kinetics it is much more likely to have the film 
present in the orthorhombic U3O8 oxidation state. The oxidation of UO2 to U3O8 follows the 
mechanism of nucleation and growth while the formation of U3O7 is controlled by diffusion [7]. 
Various researchers found out that the major product of UO2 oxidation in air remains U3O8 up to 
~1200 K [8],[9]. At atmospheric pressure U3O8 is the most stable chemical form of uranium 
oxides between room temperature and ~ 800°C. In air at 650°C, UO3
 decomposes to U3O8 almost 
entirely within 60 minutes [10].  
 
Allen et al. studied the surface oxidation of UO2 single crystals via U3O7 to U3O8 with XPS 
and XRD. They observed the highest reflection intensities for the n·(001) and n·(130) peaks [1]. 
In the present work the XRD peaks are compared to powder diffraction files (PDF) where the 
peaks can also be identified as n·(001) and n·(130). However, it has to be noticed that the n·(130) 
diffractions are more important than the n·(001) peaks. Their intensity is one order of magnitude 
higher and the peaks are much broader than those of n·(001). The broadening of the (130), (260) 
and (360) peaks might origin from a small deviation from stoichiometry, i.e. where two closely 
related phases co-exist. The calculated lattice parameter is c = 4.145 Å which is consistent with 
data found in other studies (c = 4.146 Å) [11]. 
 
The irradiated sample 41D shows three small additional peaks at 2θ = 34.03° , 2θ = 54.15° 
and 2θ = 85.76°. It is known that already small doses (~ 1011 ions/cm²)  lead to the amorphization 
of U3O8 [12]. Increasing the doses to ~ 10
16 – 1017 ions/cm² results in re-crystallization of U3O8 
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and UO2+x. It is thus suggested that the original lattice of crystalline U3O8 recovers completely 
after the irradiation with a dose of 2x1016 Ar+/cm² [12]. 
 
Figure 3.4: XRD diffraction peaks for samples 41A (bottom) and 41D (top) with 
an irradiation dose of 1x10
16
 Ar/cm², both after TDTR. The peaks at 2θ = 34.8° 
and 2θ = 73.4° are YSZ substrate peaks. Visible are also the n·(001) and n·(130) 
peaks of U3O8, whereas latter ones are predominant due to the higher intensity 
and broader peaks. The irradiated sample 41D shows three additional peaks at  
2θ = 34.03° , 2θ = 54.15° and 2θ = 85.76°, possibly associated with an additional 
UO2+x phase. 
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3.2. Raman Spectroscopy Results 
3.2.1. Characterization of Sample Set 47 
In addition to XRD some samples are also characterized by Raman spectroscopy. To be able 
to differentiate between substrate and film peaks a YSZ sample is measured for reference 
(bottom-most curve in fig. 3.5; for clearer display, its intensity is divided by a factor of 150). It 
exhibits two strong peaks at 282 and 610 cm-1. Especially the peak and the sharp decrease in 
intensity around 600-620 cm-1 are characteristic for cubic YSZ [13],[14]. These peaks, however, 
shift to slightly lower values once UO2 is grown on the YSZ. The reason for this is currently 
unknown. The Raman shifts now observed are 257 and 594 cm-1, respectively. The attenuation of 
the signal by the 360 – 370 nm thin uranium oxide film is approximately 10.  
 
The Raman shifts for stoichiometric and unstrained UO2 are well known. Due to the 
symmetry of the crystal structure fluorite type materials usually have only one T2g Raman active 
mode at 445 cm-1. In addition to this phonon peak UO2 shows a peak at 1150 cm
-1. Until now, 
the accepted opinion is that this peak origins from an electronic Γ5 → Γ3 crystalline-electric field 
(CEF) transition. However, Livneh and Sterer assigned this peak to the 2 LO-band after 
investigating phonon Raman scattering under high pressures [15]. Upon oxidation the peaks do 
not only broaden and loose intensity but they also shift to higher values [16]-[18]. For the present 
samples (47A trough D) the wavenumbers belonging to UO2 are at 439 and 1154 cm
-1. It can be 
noticed that the peak corresponding to the phonon active mode shifted to lower values while the 
electronically excited peak shifted to higher values. A possible reason lies in the opposite affects 
of strain and hyperstoichiometry. While an excess of oxygen atoms influences both the phononic 
symmetries and the electronic structure and increase the Raman shift, strain mainly affects the 
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crystal lattice ( the “spring constants”) and reduces the Raman shift for in-plane stresses. It thus 
is possible to estimate the stoichiometry by looking at the peak shift from 1150 to 1154 cm-1. 
Manara and Renker measured wavenumbers of 1151 and 1157 cm-1 for UO2.05 and UO2.07, 
respectively [18]. As already suggested by XRD the samples are close to stoichiometry, with  
0 ≤ x ≤ 0.15, taking into account the resolution of the present system. 
 
Figure 3.5: Raman shifts of samples 47C, 47B, 47D, 47A before TDTR and a YSZ 
substrate from top to bottom, excited with a 488 nm Ar
+
-laser. The intensity of the 
YSZ sample has been divided by a factor of 150 for clearer display. The YSZ 
Raman shifts shine through the UO2 samples, but are attenuated by a factor of ~ 
10. Known peaks for stoichiometric, unstrained UO2 are at 445 and 1150 cm
-1
. 
The present samples with UO2 Raman shifts at 439 and 1154 cm
-1 are thus hyper-
stoichiometric and strained. 
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It is not certain, however, where the two major peaks at 684 and 936 cm-1 as well as the 
smaller peak at 1058 cm-1 come from. A detailed investigation would go beyond the scope of the 
present work. However, especially for single crystals, other research groups have also measured 
peaks different than the two main peaks. The exact location depends amongst other things on the 
wavelength of the excitation source [20],[21]. It has also been noticed that hyperstoichiometric 
UO2 tends to have more peaks than stoichiometric UO2 due to its transition to other crystal 
structures, where surface oxidation tends to leave traces of other vibrational and rotational 
symmetries [17],[18]. 
 
3.2.2. Characterization of Sample Set 42 
Of set 42 only the samples 42B and 42E are studied by Raman spectroscopy after the TDTR 
measurements. Sample 42B (2x1014 Ar+/cm²) is polished. In addition to these curves, fig. 3.6 
also shows the peaks for YSZ. For better display its measured intensity is divided by a factor of 
30. It can be noticed that for the samples 42B and 42E the peaks belonging to the uranium oxide 
film are less apparent than the peaks associated with the YSZ substrate with the two main peaks 
at 283 and 612 cm-1, respectively. The attenuation of the YSZ signal by the uranium oxide film is 
approximately 5. There are two possible reasons for the difference in intensities between the 
sample sets 42 and 47. The first one might be apparent from only looking at the as-grown 
samples. While the samples of set 42 are of a brownish, semi-transparent color the samples of set 
47 appear shiny black. This influences the optical thickness of the thin film and thus the 
attenuation coefficient. Also a slight variation in the film thickness can affect the optical density 
as shown by Ackermann et al. [22]. Another possibility is a difference in surface roughness of 
the UO2 films. Various researchers have reported that the signal intensity decreases strongly with 
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smoother surfaces [23],[24]. However, no exact analysis of the surface roughness is made. At the 
wavelength used different stoichiometries of the samples are not likely to cause the difference in 
signal intensity [22]. 
 
Figure 3.6: Raman shifts of the samples 42E, 42B (after TDTR) and YSZ from top 
to bottom. The intensity of the YSZ sample has been divided by a factor of 30 for 
clearer display. The YSZ Raman shifts shine through the UO2 samples, but are 
attenuated by a factor of ~ 5. The uranium oxide films are hyperstoichiometric. 
Sample 42E shows almost no signs of UO2. 
 
As seen before the phononic peak around 445 cm-1 shifts to lower values whereas the 
electronic peak around 1150 cm-1 shifts to higher wavenumbers. Sample 42B shows two Raman 
peaks at 439 and 1160 cm-1, respectively. Especially the latter one indicates a higher oxidation 
state than the samples 47. Sample 42E shows almost no peaks at the mentioned wavenumbers. 
This also indicates a strong hyperstoichiometry as reported by others [17],[18]. For U3O7 – the 
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crystal structure suggested by XRD – two peaks should be around 210 and 465 cm-1, 
respectively. However, due to the strong substrate signal it is not possible to detect such peaks, 
should they exist. 
 
3.2.3. Characterization of Sample Set 41 
For this sample set only sample 41A is analyzed with Raman spectroscopy. It is very clear 
that the present crystal structure is not UO2 due to the lack of its two characteristic peaks. As 
with the other samples there are YSZ substrate peaks visible at 288 and 610 cm-1 but with an 
attenuation factor of only ~ 3. The most dominant feature appears now at 740 cm-1. While XRD 
analysis cannot determine whether these samples are U3O8 or UO3, Raman spectroscopy can 
almost rule out the possibility of UO3-formation. The orthorhombic, distorted octahedral form of 
UO3 (γ-UO3) has two peaks of similar intensity at 767 and 838 cm
-1, respectively [25]. However, 
the present measurement shows only one mayor peak at 740 cm-1. α-U3O8, on the other hand, has 
many peaks – among them a major one around 745 cm-1. It is not unlikely that this value shifted 
to slightly lower values due to lattice strains in the sample under study. Also the other minor 
peaks, especially between 300 and 500 cm-1, are in good agreement with Raman studies on 
powder U3O8 [17],[20],[25]. 
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Figure 3.7: Raman shifts of the sample 41A and a YSZ sample for reference. The 
intensity of the YSZ sample has been divided by a factor of 30 for clearer display. 
The YSZ Raman shifts shine through the UO2 samples, but are attenuated by a 
factor of ~ 3. The dominant peak at 740 cm
-1
 indicates the formation of U3O8. 
 
As a summary it can be recorded that the samples 47 are slightly hyperstoichiometric UO2 
without irreversible oxidation during TDTR measurements. Samples 42 are stronger hyper-
stoichiometric and partially oxidized to U3O7 upon heating in air during the experiments. They 
might also have an additional strain induced due to polishing. Finally, samples 41 are present in 
the form of U3O8 and do not oxidize further. 
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4. CHAPTER 4 
EXPERIME	TAL RESULTS A	D DISCUSSIO	 
 
4.1. Thermal Conductivity of UO2 with Irradiation Damage 
In this chapter the results of the thermal conductivity measurements are presented and 
discussed. For UO2 (sample set 47) the measurements take place in vacuum. The vacuum is 
pumped continuously during the measurements and usually stabilizes around 10-6 torr. Fig. 4.1 
presents the results for unirradiated UO2 (47A, upper left) as well as for irradiated UO2 with the 
doses 5x1013 Ar+/cm² (47B, upper right), 7x1014 Ar+/cm² (47C, lower left) and 1x1016 Ar+/cm² 
(47D, lower right), respectively. Closed symbols represent the data taken during heating up the 
sample and open symbols during cooling down. As Palagin found, this is equivalent to a second 
run, even for irradiated samples that start a self-annealing process during heating, as the thermal 
conductivity will always follow the same curve for a given annealing temperature [1]. Self-
annealing occurs due to the enhanced mobility of oxygen and uranium ions at higher 
temperatures. During irradiation, Frenkel-pairs are created. During heating, these interstitials 
recombine with holes and thus lead to self-annealing. To avoid confusion, the steady state 
heating of the samples is included in the reported temperatures. A measurement at room 
temperature, for example, would thus read a thermal conductivity at 50°C, if ∆Ts = 27 K.  
 
For unirradiated UO2, the thermal conductivity at 50°C is found to be 10.2 W/m.K and it 
decreases approximately proportional to 1/T, as represented with the dashed line in fig. 4.1a). 
This value lies between the thermal conductivity measured by Bates for single crystals and the 
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accepted vales for polycrystalline UO2 [2],[3]. Theories developed by Callaway and later 
Klemens predict an inverse temperature dependence for the intrinsic thermal conductivity [4]-
[6]. For real materials, the deviation from this simple model increases with an increasing amount 
of defects (e.g. impurities, grain boundaries, etc.). Also for thin films where the mean-free-paths 
of the phonons may exceed the maximum external dimensions, the thermal conductivity can be 
different from the prediction. With a mean-free-path around 2 nm at room temperature, this is 
not an issue for the samples under study [7]. The error bars are mainly dominated by the 
uncertainties in determining the thickness of the aluminum and the phase setting. The Al/ UO2-
interface conductance lies around 110 MW/m².K at 50°C and increases to about 140 MW/m².K 
at 375°C. 
 
Figure 4.1: Thermal conductivities Λ UO2 as a function of temperature T. Closed 
symbols represent data taken during heating and open symbols during cooling. 
Error bars are within 15 % uncertainty. (a) Unirradiated UO2 shows a ~ 1/T 
behavior as predicted by models from Callaway and Klemens for intrinsic 
thermal conductivity and as indicated by the dashed line. The thermal interface 
conductance lies around 110 MW/m².K at 50°C and increases to 140 MW/m².K at 
375°C. 
(a) 
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Fig. 4.1 (cont): (b) Irradiated UO2 has a thermal conductivity of 8.6 W/m.K at 
50°C. At this dose, the thermal conductivity recovers to that of unirradiated 
UO2 at temperatures of 225°C and higher through self-annealing. 
(b) 
(c) 
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Fig. 4.1 (cont): (c) and (d) For doses higher than 7x1014 Ar+/cm² the influence of 
the irradiation damage levels off, but also doesn’t allow for full recovery of the 
thermal conductivities.  Continuous self-annealing with increasing temperatures 
causes almost constant thermal conductivities with temperature. 
 
One measurement is conducted below room temperature. Sample 47A is broken in two parts 
and one part is measured in a cryostat with sample temperatures between -183 and 42°C. During 
the measurement the cryostat is kept at high vacuum. A 10x objective with a spot size of  
w0 = 6.5 µm is used to focus the beam onto the sample. Due to the stronger focusing of the beam, 
the laser power is reduced to 10 mW, where Ppump = 7.5 mW. The results from this measurement, 
together with the data obtained from measurements in the heater stage, are presented in fig. 4.2. 
At -183°C the thermal conductivity is 5.2 W/m.K. This value is consistent with the data 
published by Moore and McElroy [8]. With increasing temperature the thermal conductivity 
increases until peaking between 200 and 250 K. For higher temperature the thermal conductivity 
decreases with ~ 1/T as seen in fig. 4.1a). Up to this point it is unclear why the data from the 
(d) 
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measurements in the cryostat and in the heater stage do not overlap around room temperature. It 
is assumed that the thermal conductivities obtained at low temperatures are shifted towards lower 
values. It can also be noticed that during the cryostat measurements features start to build on the 
surface of the sample as shown in fig. 4.3. It shows a microscope image with 3.2x magnification 
of the sample. The worm-like features in the middle of the sample and on the left lower corner 
might origin from contamination with grease that is needed for the setup of the experiment. 
However, the reason for the appearance of other features such as micron-size spheres and 
fogging cannot be identified. A possible explanation is a delamination due to differences in the 
thermal expansion coefficient between the materials involved. 
 
 
Figure 4.2: Thermal conductivity Λ as a function of temperature T for UO2. The 
thermal conductivity peaks between 200 and 250 K and decreases with ~ 1/T for 
temperature above 300 K. At this point it is not clear what causes the lack of 
overlap in the data around 300 K. 
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Figure 4.3: Surface of the 47A sample after low-temperature measurements. The 
worm-like features in the middle of the sample and on the left lower corner might 
origin from contamination with grease. However, the reason for the appearance of 
other features such as spheres and fogging cannot be identified.  
 
 
 
The thermal conductivity and its behavior for irradiated UO2 depend strongly on the 
irradiation dose. For 5x1013 Ar+/cm², as shown in fig. 4.1b), the thermal conductivity decreases 
to 8.6 W/m.K at 50°C. However, with increasing temperature the self-annealing process due to a 
high mobility of oxygen atoms causes the thermal conductivity to recover quickly for this dose. 
At 225°C the thermal conductivity of unirradiated UO2 is reached. Upon cooling the thermal 
conductivity follows the ~ 1/T behavior of unirradiated UO2. This is consistent with the results 
by Turos et al. who found an annealing stage between 200 and 400°C related to the mobility of 
oxygen interstitials [9]. For irradiated samples the major part of the error bars is caused by the 
uncertainty in the heat capacity of irradiated UO2. As mentioned earlier, the heat capacities may 
vary by ± 10 % which leads to an uncertainty in the thermal conductivity of ± 10 % with respect 
to its heat capacity.  
 
1 mm 
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With increasing doses the temperatures reached in this experiment are not sufficient to 
recover to the thermal conductivity of unirradiated UO2 as the mobility of uranium interstitials 
gets activated around 600°C [9]. For the doses 7x1014 Ar+/cm² and 1x1016 Ar+/cm² the thermal 
conductivity jumps to 4 W/m.K at 50°C (figs. 4.1c) and d)). Both show a similar behavior with 
respect to temperature. During heating the thermal conductivity remains approximately constant 
or decreases slightly with increasing temperature. A similar observation has been made by 
Lucuta et al. for SIMFUEL measurements [10]. Upon cooling the thermal conductivity increases 
slightly with decreasing temperatures. This indicates that the self-annealing process occurs 
continuously in about the same time-range as the time between the measurements and is in the 
order of few minutes. Yet, the most important observation is that the damage induced through 
irradiation seems to level out at doses higher than 7x1014 Ar+/cm². It had been noticed previously 
that defect recombination is a function of the dose [11].  
 
 
The reduction in thermal conductivity with irradiation can be illustrated with Klemens’ 
model for the thermal resistance due to point defects [5]. The thermal transport in defect-free 
dielectrics such as UO2 is dominated by Umklapp-processes, or simply U-processes – a special 
type of phonon-phonon interaction. Defects such as point defects (vacancies and interstitials) due 
to irradiation add another possibility for phonons to scatter which decreases the thermal 
conductivity.  
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The overall thermal conductivity Λ can be described as the sum of the contributions of each 
heat carrier: 
∑=Λ
i
iii lvC3
1
  (4-1) 
where Ci is the specific heat per unit volume for each carrier type, vi the carrier or group velocity 
and li the mean free path which is inversely proportional to the scattering relaxation time τi 
[6],[12]. For U-processes the relaxation time τU can be expressed as 
21 ω
τ
B
U
=  ( 4-2) 
where B ~ T and ω the phonon frequency. This temperature dependence is the intrinsic thermal 
conductivity mentioned earlier for the unirradiated sample. For point defect phonon scattering 
the relaxation time τPD is: 
41 ω
τ
A
PD
=  ( 4-3) 
The parameter A depends on the dominant type of defects – in this case point defects. Then: 
Γ=
3
3
4 v
a
A
π
 ( 4-4) 
where a³ is the atomic volume, v the phonon velocity (i.e. longitudinal speed of sound) and Γ is 
related to the defect concentration by 

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M
cb   ( 4-5) 
where c is the atomic defect concentration, ∆M/M the relative chance in mass per unit cell per 
defect. The parameter b is the only fitting parameter for the model to match the defect 
concentrations calculated in SRIM (more see sec. 2.3) with the data. Morelli et al. extended 
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Klemens’ mass-fluctuation phonon-scattering parameter Γ to binary compounds with the average 
atomic masses MU and MO, [13] 
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In the present work the thermal conductivity Λ with point defects can be written as 


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and  
Bv
k DB ϖ
π
⋅=Λ
20 2
 ( 4-8) 
where Λ0 is the defect-free thermal conductivity (i.e., thermal conductivity of sample 47A), 
AB /0 =ω the frequency where Umklapp- and point defect scattering rates are equal and 
ℏ/dBD k θϖ = the Debye cut-off frequency with θd_UO2 = 269 K, calculated from the spectrum of 
the acoustic phonons [14]. The parameters A and B can be calculated with the equations (4-4) 
and (4-8), respectively. At high doses, however, this model predicts a thermal conductivity that 
converges to zero. Thus a minimum thermal conductivity Λmin has to be defined: 
)2(4.0 3
2
min TLB vvnk +=Λ  ( 4-9) 
where n is the number density and vL and vT are the longitudinal and transverse speed of sound, 
respectively [15]. For UO2 Λmin = 0.5 W/m.K where vL ≈ 6000 m/s and vT ≈ 2400 m/s as 
calculated from the elastic constants of UO2 [16]. Including this in the model and adjusting the 
defect concentration fitting parameter to b = 0.26 one obtains the curve as shown in fig. 4.4.  
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However, the model only predicts the thermal conductivity well for an irradiation dose of  
7x1014 Ar+/cm² or less. As mentioned earlier the thermal conductivity levels off after this dose. 
There are two main reasons for the discrepancy between the model and the measured data for 
1x1016 Ar+/cm². First, the SRIM calculation and thus the Klemens model neglect dose-dependent 
recombination of irradiation-induced vacancy and interstitial formation. Matzke et al. reported a 
damage saturation at doses in the range of 1016 ions/cm² when bombarded with Xe at  
300 keV [17]. Second, this model does not allow for defect clustering as it inevitably happens at 
higher doses. It has been shown that even high irradiation doses do not cause the amorphization 
of UO2 [9],[18]. Matzke et al. even observed the formation of polycrystalline structures from a 
single crystal where grain orientations differ by only few degrees at 1x1017 ions/cm² [17]. The 
present observations are consistent with their results. 
 
Fig. 4.4 also illustrates that the thermal conductivity at higher temperatures is less dose-
dependent due to the ongoing self-annealing during the measurements. While the thermal 
conductivity drops to 40 % of unirradiated UO2 for a dose of 1x10
16 Ar+/cm² at 50°C, it 
decreases to only 51 % of its original value at 350°C. 
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Figure 4.4: Thermal conductivity Λ of UO2 as a function of the irradiation dose at 
50°C (    ), 125°C (    ), 225°C (    ), 300°C (    ) and 375°C (    ). The dashed line 
represents the model for point defects by Klemens with a fitting parameter  
b = 0.26 to account for the difference in the defect concentration between the real 
concentration and that predicted by SRIM. The discrepancy at high irradiation 
doses arises from non-linear recombination effects and defect clustering. 
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4.2. Oxidation and Thermal Conductivity of UO2 and U3O7 with Irradiation 
Damage  
 
For the sample 42E the process of oxidation and its influence on the thermal conductivity can 
be well studied. Having been exposed to air for several weeks before entirely coating with Al 
most probably caused some oxidation before starting the TDTR measurements. The first run, 
represented by the filled squares in fig. 4.5a), has a thermal conductivity of 8 W/m.K at 50°C. 
The subsequent heating enhances the oxidation so that the sample shows an almost linear 
behavior with respect to temperature rather than decreasing with ~ 1/T as seen previously for 
sample 47A. Upon cooling the thermal conductivity cannot be recovered entirely. The second 
run, shown with the open squares (with a cross for heating and plain for cooling), displays again 
a linear behavior with the thermal conductivities shifted to lower values to about 75 % of its 
original value. Upon cooling most of the oxidation to U3O7 has taken place and the thermal 
conductivity at 75°C drops to only 4 W/m.K. Sample 42A, on the other hand, is already fully 
oxidized to U3O7 from a previous measurement and thus exhibits an almost constant thermal 
conductivity of 2.3 W/m.K over the whole measured temperature range. 
 
The irradiated samples 42B-D all show a similar behavior to the above discussed UO2. Upon 
heating the thermal conductivity is approximately constant and increases slightly upon cooling 
due to a self-annealing process. The initial thermal conductivity can be determined to  
3.9 W/m.K, 3.55 W/m.K and 3.7 W/m.K for the samples 42B, 42C and 42D, respectively (see 
figs. 4.5b)-d)). From XRD it can be seen that no oxidation takes place during the measurements. 
However, a higher stoichiometry than the sample set 47 leads to a less differentiated temperature 
dependence than the earlier discussed UO2. Yet it can be noticed that oxidation of UO2 decreases 
the thermal conductivity more effectively than irradiation. Sample 42A, which is present in the 
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hyperstoichiometric form of U3O7 has a 40 % lower conductivity than irradiated UO2 with a dose 
of 5x1015 Ar+/cm². As before, the error bars for irradiated samples arise mainly from the 
uncertainty in the heat capacity. For the analysis of U3O7, the heat capacity of UO2 is used.  
 
 
Figure 4.5: Thermal conductivities Λ of UO2 and U3O7 as a function of 
temperature T. Error bars are within 15 % uncertainty. (a) The oxidation process 
from UO2+x to U3O7 can be clearly followed with sample 42E (squares). The closed 
symbols are from the 1st run upon heating, the squares with the x are from the 2nd 
run upon heating and the open symbols from the 2
nd
 run upon cooling. Due to the 
oxidation process, the thermal conductivity shows a linear temperature 
dependence and decreases with increasing stoichiometry. Sample 42A (diamonds) 
had already been fully oxidized to U3O7 and has a constant thermal conductivity 
of 2.3 W/m.K. 
(a) 
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Fig. 4.5 (cont.) 
(b) 
(c) 
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Fig. 4.5 (cont.): (b) – (d) Polished and irradiated UO2. Closed symbols represent 
data taken during heating and open symbols during cooling. Self-annealing causes 
an approximately constant temperature dependence while heating and a slight 
increase in thermal conductivity upon cooling. The thermal conductivities at 50°C 
lie around 3.7 W/m.K.  
 
4.3. Thermal Conductivity of U3O8 with Irradiation Damage 
To obtain thermal conductivity data for U3O8 the samples 41A-D are studied. Unirradiated 
U3O8, as shown in fig. 4.6a), has a thermal conductivity of 1.67 W/m.K and an Al/ U3O8 
interface conductance of roughly 150 MW/m².K at 60°C. This is the mean value between the two 
runs represented by the filled (1st run) and blank (2nd run) squares. The thermal conductivity 
decreases monotonically with temperature, but different than ~ 1/T, and reaches a value of  
1.31 W/m.K at 385°C. This value is differs strongly from the intrinsic thermal conductivity of 
U3O8, where Λ = 6 W/m.K at 27°C [19]. Also the temperature dependence of the thermal 
conductivity doesn’t follow a (A + BT)-1 temperature dependence. Both observations suggest a 
strong influence of lattice defects and mismatch induced strain on the thermal conductivity of 
(d) 
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U3O8. The measured data are slightly lower than the data obtained by Pillai et al. for 
polycrystalline U3O8 and of the same order as the measurement by Ross [19],[20]. As already 
seen for U3O7, higher order uranium oxides has a significantly lower thermal conductivity as 
UO2 with a decrease of more than 80 % and have a stronger influence than irradiation damage 
alone. 
 
U3O8 with an irradiation dose of 7x10
14 Ar+/cm² has the lowest thermal conductivity 
measured in this work with only 0.96 W/m.K at 60°C. The thermal conductivity increases 
slightly with temperature until it approaches, but not entirely reaches, the values for unirradiated 
U3O8 at T ≥ 310°C as seen in fig. 4.6b). The second run (comparable to cooling down) illustrates 
the annealing process of the uranium oxide with higher temperatures. Even though it doesn’t 
completely recover the thermal conductivities of unirradiated U3O8 it can be seen that the oxygen 
mobility plays an important role already at lower temperatures. The data suggest that 
temperatures below 310°C are sufficient to entirely restore the original oxygen-sublattice. In this 
case the temperature needed for activation of the diffusion and the oxygen diffusion seem to be 
at lower temperatures and faster than in UO2. The annealing of U3O8 is more effective. Glasser 
Leme and Matzke found a minimal temperature of 1000°C to get significant uranium diffusion in 
U3O8 [21]. In addition, the diffusion of uranium in U3O8 is much faster than in UO2. It has also 
been observed that doses between 1011 and 1016 ions/cm² cause a quasi-amorphization 
(metamictization) of U3O8, measured by reflection electron diffraction [22]. It is known that in 
amorphous materials diffusion processes can occur at a higher rate and a lower activation energy 
than in crystalline materials [23]. These papers confirm the present observation of a lower initial 
thermal conductivity due to partial amorphization and a faster recovery than observed in UO2.  
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With increasing doses the thermal conductivity starts to rise again. At 2x1015 Ar+/cm² and 
2x1016 Ar+/cm², the thermal conductivities at 60°C are Λ = 1.2 W/m.K and Λ = 1.97 W/m.K, 
respectively (figs. 4.6c) and d)). The medium dose sample behaves similarly to the one with the 
low irradiation dose: the thermal conductivity increases slightly with temperature until reaching 
the values for unirradiated material. In the second run, i.e. after annealing, the thermal 
conductivities are in the same range as for unirradiated U3O8. However, the rate of annealing 
seems to be lower than for the low irradiation dose. A possible explanation is the increasing 
amount of re-crystallization and thus a decrease in oxygen mobility. For the high irradiation dose 
the thermal conductivity is even higher than for unirradiated U3O8. It is very likely that this has 
to do with the formation of a second phase – apart from the re-crystallization to orthorhombic 
U3O8. U3O8 is reported to form crystalline U4O9 or even UO2 under very high irradiation doses 
[24].  
 
In this work XRD confirms that the sample is mainly present in the crystalline form of U3O8 
(see sec. 3.1.3). However, it also suggest the presence of another phase which cannot be clearly 
identified. As U3O8 has the lowest thermal conductivities of the uranium oxides, the adding of 
another phase is likely to increase the overall thermal conductivity as observed in the present 
work. Fig. 4.7 shows this behavior as a function of irradiation dose for different temperatures. 
With increasing temperature the effect of irradiation decreases due to an ongoing self-annealing 
process upon heating.  
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Figure 4.6: Thermal conductivities Λ of U3O8 as a function of temperature T. 
Closed symbols represent data taken during the first run and open symbols 
during the second one. Error bars are within 15 % uncertainty. (a) the thermal 
conductivity of unirradiated U3O8 has a linear temperature dependence. At 60°C, 
the mean measured thermal conductivity is 1.67 W/m.K and decreases slightly to 
1.31 W/m.K at 385°C. The interface conductance at 60°C lies around 150 
MW/m².K and increases with increasing temperatures. 
(b) 
(a) 
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Fig. 4.6 (cont.): (b) and (c) Irradiated U3O8 with the lowest dose studied has a 
thermal conductivity of 0.96 W/m.K at 60°C and increases with increasing 
temperature until approaching the values from (a). Due to good oxygen mobility 
in amorphous materials, recovery rates are relatively high. For a dose of 2x1015 
Ar+/cm², Λ = 1.2 W/m.K at 60°C. It recovers completely for T ≥ 310°C. (d) For 
2x10
16
 Ar
+
/cm² the thermal conductivity with 1.97 W/m.K at 60°C is higher than 
of unirradiated U3O8. Its thermal conductivity decreases approximately with the 
same rate as unirradiated U3O8 with increasing temperatures. 
(d) 
(c) 
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Figure 4.7: Thermal conductivity Λ of U3O8 as a function of the irradiation dose 
at 60°C (    ), 135°C (    ), 235°C (    ), 310°C (    ) and 385°C (    ).  Low to medium 
irradiation doses lead to a decrease in thermal conductivity. Increasing 
irradiation doses enhance the re-crystallization and increase thermal 
conductivities. For 2x10
16
 Ar
+
/cm² an additional crystalline phase lifts the thermal 
conductivities over those of unirradiated U3O8. 
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5. CHAPTER 5 
CO	CLUSIO	S 
 
Time-domain thermoreflectance (TDTR) is used to measure the thermal conductivities of 
different uranium oxides and the influence of irradiation damage. Thin film single crystal UO2 is 
epitaxially grown on a YSZ substrate. The crystal structure is determined by X-Ray diffraction 
(XRD) and Raman spectroscopy. Through Ar-ion irradiation, the thermal behavior of nuclear 
fuel in a reactor and of spent fuel for storage purposes can be studied. This work mainly focuses 
on the thermal conductivity of fluorite structured UO2 and orthorhombic U3O8. The irradiation 
doses vary between 5x1013 Ar+/cm² and 2x1016 Ar+/cm². 
 
For undamaged UO2 the measured data match well the established values of 10.2 W/m.K at 
50°C. The thermal conductivity peaks between 200 and 250 K and decrease for lower 
temperatures, as seen in fig. 4.3. For irradiated UO2 and low to medium doses, the thermal 
conductivity can be well estimated by a modified point defect mass-scattering model by Klemens 
as shown in fig. 4.4. For high doses the irradiation effect levels off due to non-linearities in the 
recombination of vacancies and interstitials during irradiation that cannot be captured by this 
relatively simple model. In all cases, self-annealing through oxygen diffusion during the 
measurements helps recovering parts of the original thermal conductivity. 
 
Knowing the thermal conductivity of U3O8 is especially important for the storage of spent 
fuel where oxidation cannot always be prevented. The thermal conductivity of unirradiated U3O8 
is only 20 % of that of UO2. Low to medium irradiation doses decrease the thermal conductivity 
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even more to less than 1 W/m.K at 60°C. The self-annealing process is found to be faster and 
more effective than for UO2 due to partial amorphization during irradiation. For higher doses the 
thermal conductivity starts to increase again and at 2x1016 Ar+/cm² reaches thermal conductivity 
values that are higher than those for unirradiated U3O8 – see fig. 4.7. It is suggested that this is 
caused by a partial re-crystallization and formation of a second phase during the high-dose 
irradiation. It is found that oxidation has a stronger impact on the thermal conductivity of 
uranium oxides than ion irradiation. 
 
Future work could include the study of other oxide forms such as U3O7 due to the strong 
oxidizing nature of UO2 and its importance for secure handling of nuclear fuel. Also, the range of 
irradiation doses could be broadened to find the maximum dose that UO2 can sustain without any 
loss in performance and the dose where the thermal conductivity starts to level off.  
